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Summary
In animals, the interface between organism and environment
is constituted by the epithelium [1]. In plants, the exchange
of nutrients and signals between root and soil is crucial for
their survival, but the cellular mechanisms underlying the
epithelium-like function and specific localization of proteins
to the root surface have not been identified [2]. Here we
analyze the mechanism of polar delivery to the root-soil
interface of the proteins BOR4, ABCG37, and PEN3, which
transport nutrients [2], transport plant hormones, and are
required for pathogen defense [3], respectively. The simulta-
neous visualization of these proteins and the apical and
basal cargos in a single cell demonstrates that the outermost
cell side represents an additional polar domain. Delivery to
this outer polar domain depends on ARF GEF [4] and actin
[5–8] function but does not require knownmolecular compo-
nents of the apical or basal targeting. The outer polar
delivery is, in contrast to known basal and apical cargos
[9, 10], mediated by the polar secretion. Our findings show
that the outermost cell membranes of roots define an
additional polar domain in plant cells along with a specific,
previously uncharacterized, polar targeting mechanism
that is important for defining the functional, epithelium-like
root-soil interface.
Results and Discussion
The interface between roots and soil plays a central role in the
life of plants. Uptake of nutrients [2], export or exclusion of
toxic compounds [11], and interaction with symbionts and
pathogens [3], as well as exchange of other signals, require
a functional interface between roots and the surroundings
[1]. Recently, several proteins have been reported to reside
at the outer lateral side of epidermal root cells, which forms
the border with the soil environment, including the transporter
for the plant nutrient boron, BOR4 [12], the exporter of the
plant hormone precursor indole-3-buryric acid PIS1/PDR9/
ABCG37 ([13]; unpublished data), and the pathogen-defense-
related transporter PEN3/PDR8/ABCG36 [14–16]. Nonethe-
less, almost nothing is known about how this root-soil
interface is defined or by which mechanism transporters and
other regulatory proteins specifically accumulate at this outer-
most root plasma membrane.
The subcellular distribution of BOR4, PEN3, and ABCG37
was analyzed in the Arabidopsis thaliana transgenic lines
35S::BOR4-GFP, PEN3::PEN3-GFP, and 35S::GFP-ABCG37,*Correspondence: jiri.friml@psb.vib-ugent.beas well as with antisera against ABCG37 [13]. The BOR4-GFP
signal in 35S::BOR4-GFP roots resided predominantly at the
outer membrane of epidermal cells but, to some extent, also
at the apical and basal membranes, particularly in older,
more differentiated cells (Figure 1D; see also Figure S1G avail-
able online). In contrast, ABCG37, GFP-ABCG37, and PEN3-
GFP showed a more strictly polar localization at the outer
sides of epidermal and root cap cells (Figures 1A–1C; Figures
S1H and S1I). The colocalization experiments between
ABCG37, BOR4-GFP, and PEN3-GFP confirmed that the local-
ization domain of BOR4 was less strictly polar than that of
ABCG37 and PEN3 (Figures 1E and 1F; Figures S1A–S1F). To
test whether the less pronounced polar localization of BOR4-
GFP resulted from overexpression and possible saturation of
the trafficking machinery, we compared the signal intensities
of BOR4-GFP, GFP-ABCG37, and PEN3-GFP by using the
same confocal microscope settings (Figures S1G–S1I). The
signal intensity of GFP-ABCG37 in 35S::GFP-ABCG37 was
the strongest, but less exclusively laterally localized than
that of the endogenous ABCG37 detected by antibodies.
BOR4-GFP in 35S::BOR4-GFP showed a comparable or
weaker signal than that of the more strictly localized PEN3-
GFP in PEN3::PEN3-GFP roots. Thus, the less pronounced
polar localization of BOR4-GFP probably does not result
from overexpression but rather reflects the less strict targeting
of BOR4 than of ABCG37 and PEN3.
To examine the occurrence of the outer lateral domain in
different cell types, we analyzed the 35S::GFP-ABCG37 trans-
genic line that expresses ectopically the functional GFP-
ABCG37 throughout all the cell types of the root. Similarly to
the endogenous protein, GFP-ABCG37 was detected at the
outer sides of epidermal cells and also at outer lateral sides
of cortical and endodermal cells, but its localization was
symmetric in more interior root cell types (Figures 1G and
1H), even in differentiated stele cells (not shown), suggesting
that the outer polar domain is specified in the three most
external cell layers and not in the more interior cell types.
Notably, transversal and longitudinal optical sections revealed
that ABCG37 and PEN3 strictly localized to the cell sides
facing the environment (Figure 1I), regardless of the position
and apical-basal axis of the cells. For example, in the root
cap cells at the very root tip, these proteins localized again
to the outermost cell sides, which correspond to the ‘‘basal’’
(lower) sides (Figure 1J). Such a strictly outer localization
would have an obvious functional importance for transporting
compounds between the root interior and the environment. In
line with this hypothesis, ABCG37, PEN3, and BOR4 show
a strong plasma-membrane localization in root hairs (not
shown) that increase the surface of the interface with soil
and are important for nutrient uptake.
In plants, apical and basal polar domains in different cell
types are characterized by the localization of several polar
cargos, exemplified by transporters for the plant hormone
auxin [17–22]. Epidermal root cells of Arabidopsis possess
an apical domain at their upper side that is defined by the local-
ization of the PIN2 auxin efflux carrier and the opposite, basal
domain marked by PIN1 [17]. The distinct polar localization of
BOR4, ABCG37, and PEN3 in the same cells hints at the
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Figure 1. Novel Outer Lateral Domain
(A–D) Polar localization of PEN3-GFP (A and C), ABCG37 (B), and BOR4-
GFP (D) at the outer sides of epidermal cells or the Arabidopsis root tip.
(E and F) Colocalization of BOR4-GFP (green) and ABCG37 (red) (E) reveal
less strictly polar localization of BOR4 when compared to colocalization
of ABCG37 (red) and PEN3-GFP (green) lateral localization (F).
(G and H) Localization of GFP-ABCG37 to the outer polar domain (arrow-
heads) of epidermal, cortex, and endodermis cells (G), but symmetric local-
ization in the stele (H).
(I) Confirmation of the GFP-ABCG37 localization to the outer cell sides by
transversal optical sections.
(J) Outer polar domain of GFP-ABCG37 always directed out from the plant
body in the root cap.
(K) ABCG37 (red) defines the outer polar domain in epidermal cells, and PIN2
(green) marks the apical domain.
(L) Concomitant localization of ABCG37 (red) at the outer, PIN1 (green) at the
basal, and PIN2 (blue) at the apical polar domain.
Immunostaining with anti-ABCG37 antibodies (B, E, F, K, and L) and live-cell
imaging (A, C, D, and G–J). Arrowheads mark polar localization of proteins.
See also Figure S1.
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Figure 2. Secretion to Outer Lateral Domain
After complete bleaching of the GFP-ABCG37 (A) and BOR4-GFP (B), both
proteins recover directly at the outer polar domain, suggesting a direct outer
polar secretion of newly synthesized proteins. Numbers indicate time points
from the bleaching. 0’ is a prebleach with the indicated bleaching area. See
also Figure S2.
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domain at the outer sides of cells on the root surface. To
confirm this notion, we carried out colocalization experiments
with apical and basal polar cargos, exemplified by the PIN2
and PIN1 auxin transport proteins, respectively [17]. These
experiments revealed that PIN1, PIN2, and ABCG37 localized
concomitantly to the three different polar domains in the root
epidermal cells (Figures 1K and 1L). This simultaneous obser-
vation of three different proteins at three different polar
domains in the same cell explicitly demonstrated that the
localization of BOR4-GFP, ABCG37, and PEN3-GFP defines
a third, additional polar domain in plant cells. Given the unique
characteristics of this domain that always faces the outer envi-
ronment, we designated it an ‘‘outer’’ polar domain.
The polar localization of PIN proteins to the apical and basal
cell sides is achieved by a nonpolar secretion, subsequent
internalization, and endocytic-recycling-dependent polariza-
tion [9, 10]. The fluorescence recovery after photobleaching
(FRAP) experiments revealed that after complete bleaching
of BOR4-GFP, GFP-ABCG37, or PEN3-GFP, the newly synthe-
sized proteins appeared at the plasma membrane in a polar
fashion at the earliest detectable recovery stages (Figures 2A
and 2B; Figure S2J), in contrast to the originally nonpolarrecovery of PIN1-GFP or PIN2-GFP proteins [9]. This result is
a first demonstration of polar secretion in plants and suggests
that, unlike the known apical and basal cargos, the polar local-
ization of outer lateral cargos is established already during the
polar secretion of the newly synthesized protein.
Secretion and recycling processes can be studied with the
inhibitor of vesicle trafficking, the fungal toxin Brefeldin A
(BFA), which targets the vesicle-budding regulators ARF
GEFs [4]. The polar localization of PIN and AUX1 cargos to
the basal and apical domains depends on distinct pathways,
of which the basal targeting is sensitive to BFA. The BFA treat-
ment leads to internalization of PIN1 from the basal plasma
membrane and its accumulation in so-called BFA compart-
ments (Figures S2D and S2E) [5, 23, 24]. BOR4-GFP, ABCG37,
and PEN3-GFP did not show a comparable sensitivity to BFA,
and their localization at the outer polar domain remained unaf-
fected after BFA treatment (Figures 3A–3E and 3H; Figures
S2A and S2B). Nonetheless, limited intracellular aggregations
of these proteins, in particular when overproduced, were
observed. This BFA-induced aggregations strongly decreased
when the de novo protein synthesis was inhibited by cyclohex-
imide (CHX) (Figures 3F–3I). Given that CHX has no detectable
effect on endocytosis as tested by the uptake of the endocytic
tracer FM4-64 (Figures S2F–S2I), limited aggregations after
BFA treatment might consist of de novo-synthesized proteins
passing the secretory pathway. This hypothesis was sup-
ported by FRAP experiments with CHX (Figures S2J and S2K).
After complete bleaching of the PEN3-GFP signal, recovery
was delayed and the signal was generally depleted from the
plasma membrane. Taking into account all the data on the
BFA and CHX effects on BOR4, PEN3, and ABCG37 protein
trafficking, the intracellular agglomerations after BFA treat-
ment seem to consist predominantly from de novo-synthe-
sized proteins that are secreted to the outer polar domain, in
contrast to the bevavior of PIN proteins, in which the BFA-
induced aggregations persist also in the presence of CHX, re-
flecting a constitutive endocytic recycling of PIN proteins [23].
This observation suggests that the outer polar cargos are
delivered to their polar domain by the BFA-sensitive, ARF
GEF-mediated polar secretion, which further highlights the
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Figure 3. Involvement of ARF GEF, Actin, and Microtubules in the Outer
Lateral Targeting
(A–I) BFA-sensitive trafficking. BFA treatment (50 mM, 30 min) leads to
strong internalization of the basal PIN1-HA (green), but not of laterally local-
ized ABCG37 (red) (B) or BOR4-GFP (C); an untreated control is shown in (A).
When overexpressed under the 35S promoter, the outer localized GFP-
ABCG37 (green) shows stronger intracellular agglomerations after BFA
treatment, but no signal depletion from the plasma membrane similar to that
of the apical PIN2 (red) (E); an untreated control is shown in (D). Decrease in
intracellular agglomeration of GFP-ABCG37 (F) and PEN3-GFP (H) after BFA
treatment when pretreated with the protein synthesis inhibitor cyclohexi-
mide (50 mM, 30 min) (G and I), suggesting that not the plasma-membrane
localization but the secretion of de novo-synthesized ABCG37 and PEN3
is sensitive to BFA.
(J and K) The involvement of actin filaments and microtubules. Depolymer-
ization of microtubules by oryzalin B (50 mM, 3 hr) (K) or depolymerization of
actin filaments by Latrunculin B (20 mM, 3 hr) (J) leads to very limited
intracellular agglomerations of PEN3-GFP (C), but without effect on its outer
polar localization.
Immunostaining with anti-ABCG37 antibodies (A, B, D, and E) and live-cell
imaging (C and F–K). Arrowheads indicate intracellular aggregations. See
also Figure S3.
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Figure 4. Distinct Molecular Mechanism for the Outer Lateral Targeting
Components of the apical or basal targeting are not required for the outer
polar localization. The outer polar localization of BOR4-GFP (A–C) and
ABCG37 (D and E) is not affected in gnom (gnomR5 [B] and van7 [D]) or
axr4 (C and E) mutants defective in the PIN1 basal localization or AUX1
apical localization, respectively. Outer localization of ABCG37 (F), GFP-
ABCG37 (H), PEN3-GFP (I), or BOR4-GFP (J) is unaffected in 35S::PID roots
in contrast to apicalization of PIN2 in cortex cells (G).
Immunostainings with anti-ABCG37 (D–F), anti-PIN1 and anti-PIN2 (G), and
anti-GFP (H–J) antibodies and live-cell imaging (A–C). Arrowheads indicate
polar localization of proteins. See also Figure S4.
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the outer polar cargos.
In plants, most of the intracellular trafficking, including the
targeting of apical and basal cargos, depends predominantly
on the actin cytoskeleton but not directly on the microtubules
[5–8]. Actin depolymerization by Latrunculin B (LatB) did not
visibly affect the outer lateral localization of BOR4-GFP (data
not shown), GFP-ABCG37, or PEN3-GFP (Figure 3J; Figures
S3D and S3E). The outer polar signal remained stable and
the limited intracellular aggregations were again mostly
related to the secretion of the de novo-synthesized proteins
as demonstrated by their disappearance after CHX treatment
(Figures S3C, S3F, and S3G). Similarly, the disruption of micro-
tubules by oryzalin had no strong effect on the outer polar
localization or trafficking of BOR4-GFP (data not shown),
GFP-ABCG37, and PEN3-GFP (Figure 3K; Figures S3A and
S3B). Thus, the actin or tubulin cytoskeleton was seemingly
not directly involved in the maintenance of the outer polar
localization, but actin seemed to be required for the secretion
of the de novo-synthesized outer-domain-resident proteins.
Next, we investigated the molecular mechanism underlying
the localization of cargos at the outer polar domain in
comparison to the apical and basal targeting. The targeting
of basal cargos, such as PIN1, requires the action of a specific
ARF GEF, designated GNOM [24, 25]. Accordingly, in partial
loss-of-function gnom mutants, the PIN1 and other basally
localized proteins show a disrupted polar localization, leadingto a partial or complete apicalization [26]. Similar analysis
revealed that localization of BOR4-GFP and ABCG37 at the
outer polar side was not affected in different partial loss-of-
function alleles of gnom (Figures 4B and 4D). Thus, targeting
to the outer polar domain is distinct from the GNOM-depen-
dent basal PIN targeting.
The apical targeting of the AUX1 transport protein does not
depend on GNOM but on the endoplasmic reticulum (ER)-local-
ized AXR4protein. In theaxr4mutant [27], the otherwise apically
localized AUX1 is retained in the ER [28]. In contrast, the BOR4-
GFP, ABCG37, and PEN3-GFP localization to the outer polar
domain remains entirely unaffected in axr4 roots (Figures 4C
and 4E), highlighting the difference between the outer polar
and AUX1 apical targeting. This observation is not surprising
because presumably AXR4 specifically mediates the trafficking
of AUX1 [28], whereas other apical cargos will use an AXR4-
independent mechanism. Nonetheless, other specific compo-
nents of the apical targeting await their identification.
Importantly, manipulation of the activity of the major apical-
basal polarity regulators, the protein kinase PINOID [25, 29, 30]
and the protein phosphatase PP2A [31], did not affect the outer
localization of BOR4-GFP, ABCG37, and PEN3-GFP (Figures
4F–4J; Figure S4D). Additionally, other known components of
the PIN polar targeting are seemingly not involved in the outer
lateral targeting, as demonstrated by the unchanged localiza-
tion of ABCG37 in the corresponding mutants (Figure S4). In
summary, these data reveal that the outer polar targeting
requires molecular components distinct from the known
components of apical and basal targeting pathways.
In plants, the necessity of a functional interface between
plant and environment is obvious, but virtually nothing is
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907known about how it is defined at the subcellular level. Here, we
examined the localization and mechanism of the polar delivery
of a few known proteins that localize at the lateral sides of
epidermal cells [12, 13, 16]. The concomitant localization of
these proteins and the apical and basal cargos in the same
cells demonstrates that the root epidermal cells possess an
additional polar domain, specifically facing the environment,
which we designated the outer polar domain. This domain is
defined in peripheral root cell layers independently of the posi-
tion or apical-basal axis of the given cell. The outer polar tar-
geting requires molecular components and involves cellular
mechanisms other than those of the known apical and basal
targeting pathways. Thus, plant cells can be characterized
by more than two polar domains with correspondingly distinct
targeting pathways. Transport components for nutrients,
hormonal signals, and mediators of pathogen defense are
specifically targeted to this outer polar domain [12–16]. Thus,
the outer targeting machinery is presumably of crucial impor-
tance to deliver transporters and other cargos, specifically to
the outermost cell surfaces of the root and to functionally
define the epithelium-like root-soil interface. The refined char-
acterization of the cellular mechanism and molecular compo-
nents underlying the outer polar targeting is an important topic
for investigations in the coming years and will contribute to our
understanding on how the root system interacts with its
environment.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
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